Abstract: Temperature has a significant positive impact on recruitment of sprat, Sprattus sprattus, in the Baltic Sea. Here we evaluate whether an existing recruitment model for the year classes 1973-1999 can forecast recruitment for five new year classes. The coefficient of variation (CV) of predictions was 5%, and four of five new year classes were within 95% confidence limits of predictions made by the earlier model. We then assimilated climatic, oceanographic, and recruitment linkages and their uncertainty into the standard International Council for the Exploration of the Sea (ICES) assessment procedure to predict key advisory-related variables such as spawning stock biomass (SSB) and landings. These linkages enable a forecast of recruitment earlier than the annual assessment meeting. Forecasts made using the North Atlantic Oscillation to predict the 2006 year class showed that spawner biomass would be 15% lower than spawner biomass calculated using the ICES standard methodology. The difference in perception of future biomass does not affect the advice for the stock because the spawning stock biomass is greater than the critical biomass limit (SSB > BPA). However, when this is not the case or when it is desirable to broaden the ecosystem basis for fisheries management, incorporation of knowledge of recruitment processes may be beneficial.
Introduction
A large number of field and statistical studies have demonstrated that variations in ecosystem components affect recruitment in populations of fish and shellfish. These processes include effects of climatic, oceanographic, and biotic variables on the growth and survival of early life history stages (Heath 1992; Leggett and deBlois 1994; Bakun 1996) . However, there still remain few examples in the literature where such knowledge is operationally used to make predictions of key variables of fisheries assessment and management (e.g., recruitment, spawner biomass, and landings by commercial fishing fleets (Myers 1998; Brander 2003; Ulltang 2003) . Most of these examples include species with relatively short life spans, e.g., squid, sardine, or prawns, the management of which depends critically on the strength of incoming year classes or a small number of year classes (Agnew et al. 2002 ; International Council for the Exploration of the Sea (ICES) 2007), although examples with longer-lived species also exist (Bailey and Spring 1992; Megrey et al. 2005 ).
Here we explore how and whether environmental information could be used in the short-term management of a fish population. The species and ecosystem that we use as a case study is sprat (Sprattus sprattus) in the Baltic Sea. Sprat has a moderately long life span (ca. 8-10 years; maturity at ages 1-2 years) and is intensely exploited (mean landings were 362 000 tonnes (t) per year in [2003] [2004] [2005] . One-year-old sprat (recruits) contributed, on average, 26% in numbers and 15% in weight to the commercial landings in -2005 (ICES 2006 ). Spawner biomass is presently above safe biological limits (ICES 2006) , but there is no significant relationship between spawner biomass and recruitment (ICES 2006) . As a consequence, recruitment forecasts are presently made using the geometric mean over a long time period (ICES 2006) . Field and laboratory studies have been intensified in the past 10 years to identify how spawner biomass, egg production, and environmental variables influence recruitment. Results from these studies could help parameterize new stock-environment-recruitment models in the future.
These studies have shown that water temperature and several processes affected by temperature influence sprat reproduction (e.g., development of gonads in mature sprat, sexual and gonadal maturation; Grauman and Yula 1989; Nissling 2004 ) and survival of eggs, larvae, and age-0 groups (Ojaveer 1998; Köster et al. 2003; Baumann et al. 2006) . Statistical comparisons of recruitment with temperature and information gathered from these studies show that recruitment is significantly positively correlated with temperature (MacKenzie and Köster 2004) . This relationship, derived for the years 1973-1999, was evident using an independent time series of catch-derived recruitment indices (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) ; in total, the temperature-recruitment relationship to date has been consistent (i.e., significant and positive) for 45 years. A retrospective analysis showed that recruitment predicted by environmental variables (i.e., water temperature, a winter index of the North Atlantic Oscillation (NAO), and Baltic Sea ice coverage) yielded smaller and less variable deviations from recruitment estimated with extended survivor analysis in later assessments than recruitment estimated with methodology currently used by ICES and that these environmental variables themselves are significantly intercorrelated (MacKenzie and Köster 2004) .
In this study, we investigate whether these relationships are still valid for year classes born after 1999. We then investigate how the standard short-term predictions used in ICES advice would be affected by incorporating this ecosystem information into its methodology. As we demonstrate below, including such information requires careful consideration of when the environmental information can be provided relative to the annual stock assessment schedule for the stock in question (see also Planque et al. 2003) . We have overcome this difficulty by using the seasonal chain of links between climate variability, sea conditions, and sprat recruitment (MacKenzie and Köster 2004) .
Materials and methods
We first provide a description of the standard temporal schedule of assessment and prediction as conducted annually by ICES for this stock. We then conduct a series of statistical analyses. These analyses update existing relationships between recruitment and environmental variables and evaluate the sensitivity of short-term predictions of recruitment, spawner biomass, and landings to assumptions about environmental variability. Further details are included in relevant sections below.
ICES annual assessment cycle
The analyses below extend our earlier work, which demonstrated that recruitment of sprat in the Baltic Sea is positively influenced by temperature. However, because our original objective in that study was not only to identify ecosystem variables that might influence recruitment, but also to investigate whether this knowledge could contribute operationally to short-term predictions of recruitment in the ICES advisory system, we conducted several additional analyses. The annual stock assessment schedule for sprat in the Baltic is presented (Fig. 1) .
Sprat is assessed in the annual April meeting of the Baltic Fisheries Assessment Working Group of ICES, of which the three authors of this paper are currently members. Recruitment and spawner biomass are estimated using an extended survivor analysis (XSA) applied to the years 1974-2005 for ages 1-8+ (Shepherd 1999; ICES 2006) . The abundance of sprat recruits at age 1 is first estimated in internationally coordinated autumn acoustic surveys in the year of birth (peak spawning occurs in late April -early June, although in some years spawning is delayed or continues until July-August; Karasiova 2002) . These survey estimates of recruitment are scaled to population level using a standard survey recruitment calibration program (Shepherd 1997 ) and the historic time series of survey-based and XSA-derived recruits.
In addition to these recruitment estimates, two additional recruitment estimates are needed for the short-term predictions. One estimate corresponds to year-class strength of the year in which the assessment is actually done; the second estimate is for the subsequent prediction year. Thus a total of three recruitment estimates are required for short-term predictions: YC t-1 , YC t , YC t+1 , where t is the year when the assessment is conducted and YC designates the year class (Fig. 1) . The survey-based recruitment estimates for YC t-1 are considered reliable because these indices have a high correlation (R 2 * 0.9) with the recruitment estimate from the XSA (ICES 2006) . Recruitment for the current and subsequent year's year classes are estimated in the standard ICES procedure as the geometric mean (GM) recruitment for a period of years when recruitment fluctuated without trend or within a given regime (ICES 2006) .
Environmentally based recruitment predictions can therefore potentially contribute to the recruit estimates for YC t and YC t+1 . A forecast of recruitment for either of these year classes requires knowledge of the environmental conditions in sprat spawning and nursery areas for eggs, larvae, and age-0 groups. One of the main environmental variables that affects recruitment is spring-summer water temperature in these areas (Ojaveer 1998; MacKenzie and Köster 2004; Baumann et al. 2006 ). As it is not presently possible to predict reliably annual variations in these temperatures one year in advance, we focus on the prediction of recruitment for the current year class, YC t , while applying the ICES procedure of using the GM of past recruitment to estimate recruitment for YC t+1 . Because of the timing of the assessment meeting, environmental information that could be used by the Working Group must be available by April (Fig. 1) .
Our earlier analyses (MacKenzie and Köster 2004) showed that temperature in May (i.e., the month corresponding to historic peak of spawning) explained significant variation in sprat recruitment and that May temperature can be predicted from both a winter (January-February) index of the North Atlantic Oscillation (NAO; Jones et al. 1997 ) and an ice coverage index of the Baltic Sea (Seinä and Palosuo 1993) . As a result, both the NAO and the ice index were also significant correlates of sprat recruitment (MacKenzie and Köster 2004) and are potential candidates for operational incorporation into the sprat short-term prediction procedure. Therefore, our analyses in this report focus on the May temperature -NAO -ice cover interaction and how these variables affect sprat recruitment.
Updating of relationships among climatic and oceanographic variables and recruitment
Couplings between time series of hydroclimatic variables such as those used in this study can themselves vary over time (Jevrejeva 2002; Oguz et al. 2006) . We first evaluate whether the relationships detected earlier between May temperature, the NAO, and ice coverage apply with the five additional years of data now available. A second series of analyses compares the sprat recruitment with these same environmental variables. These analyses employ scatterplots and linear regression modelling, including the estimation of 95% prediction limits for response variables (Sokal and Rohlf 1998 ).
Short-term predictions of sprat recruitment, spawner biomass, and landings
The predictions use numbers, weight, and maturity at age, as well as natural and relative fishing mortality at age as inputs. These data are provided as input to or output from the XSA, except for the numbers of recruits, which are provided by the acoustic survey for the previous year's year class or the GM recruitment for a multiyear period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The population data are projected forward assuming a range of user-defined levels of fishing mortality. Outputs are spawner biomass for the current and two subsequent years and landings for the current and one subsequent year. We conduct predictions of all three variables using the standard approach of ICES, including status quo fishing mortality, and by replacing the GM recruitment with an environmentally based prediction of recruitment for the current (assessment) year's year class. For operational predictive purposes, we only use the NAO because this variable is more likely to be available to the Working Group than the ice index (typically available in late March). The results do not differ substantially.
In addition, three further analyses were conducted to explore the range of possible spawner biomass and landings that could result depending on assumptions of environmental variability. One of these scenarios used a variance-weighted average of the mean log-transformed (ln) recruitment for the years 1991-2005 and the predicted ln recruitment from the regression relationship between ln recruitment and the January-February NAO (NAOJF). For this scenario and the first two scenarios described above, we estimated the 95% prediction intervals of the predicted recruitment; we subsequently used the prediction intervals for the recruitment to 
Results

Relationships among climatic and oceanographic variables and recruitment
During the five years since the original analysis, the environmental variables have usually been at levels that characterize average or warmer-than-average conditions (Fig. 2) . Recruitment has varied widely, with a very strong year class in 2003 (Fig. 2d) . The relationships between the NAO, ice coverage, and May temperature observed earlier apply also for the five most recent years: most of the new years lie within the 95% prediction limits of the regression predictions based on the earlier time period (1973-1999; Fig. 3) . The five additional sprat year classes also depended on the three environmental variables consistent with the earlier relationships (Fig. 4) . Four of the five year classes lie close to the regression prediction, whereas one year class (2003) is just outside the 95% prediction interval. The mean squared prediction error for the five new year classes, calculated as
where OBS is observed recruitment and PRED is the recruitment predicted from the relationship between ln recruitment and NAO for the 1973-1999 year classes, was 0.526, and the root mean square error (RMSE) relative to ln-transformed mean predicted recruitment was 7%. A full retrospective analysis of forecasting ability of the environmental relationships for earlier year classes is available in MacKenzie and Köster (2004) .
Short-term predictions
We used the updated regression relationship between the NAOJF and ln recruitment (Fig. 4) to forecast recruitment for the 2006 year class. Recruitment was estimated to be 42 trillion (95% prediction interval (PI) = 10.1-177 trillion) based on this relationship and using the observed value of (Table 1) . The variance-weighted average of these two values is 58 trillion (95% PI = 23.5-145 trillion).
The differences in recruitment influence spawner biomass in subsequent years (Table 1) . Spawner biomass in 2007 is ca. 1.4 million tonnes regardless of which recruitment forecast is used (only 17% of sprat are, on average, mature at age 1; ICES 2006). However, in 2008, the predicted spawner biomass differs by a larger amount among the scenarios: assuming that recruitment is influenced by the NAO yields a spawner biomass 15% lower than the spawner biomass estimated using the GM recruitment for the 2006 year class.
The potential range of spawner biomass in 2008, given the lower and upper 10th percentiles for the historic range of the NAO (1973 NAO ( -2005 and other input assumptions, is 1.1-1.4 million tonnes ( Table 1 ). The sensitivity of the spawner biomass two years beyond the current assessment year was found to be~27%, given the range in NAO values used (10th-90th percentiles). The predicted landings in 2007 for the different options are very similar regardless of option used (373 000 -390 000 t; Table 1 ).
Discussion
Extension of environment-recruitment relationships for sprat in the Baltic Sea
We have updated existing relationships between climatic and oceanographic variables and between recruitment and environment variables with five years of new data, or 24% of the original data series . The new data agree well with predictions made by the previous relationships and we conclude that in combination with results from MacKenzie and Köster (2004) , temperature has positively influenced sprat recruitment for the last 50 years.
The positive influence of temperature on the Baltic sprat population is likely due to its northerly location relative to the range of the species as populations near the edges of their distribution tend to react more strongly to environmental perturbations than those near range centres (Frank 1991; Myers 1998 ). The only southern population for which recruitment estimates exist (Black Sea) responds negatively to temperature (Daskalov 1999) ; hence, the population-specific response of recruitment to temperature for sprat is domeshaped and similar to that reported for Atlantic cod (Gadus morhua; Planque and Frédou 1999; Brander 2000) .
The 2003 sprat year class was much stronger than that predicted from our environmental variables. We believe that this year class was strong because of exceptionally warm temperatures during the summer and especially the fall of (Mohrholz et al. 2006; MacKenzie and Schiedek 2007) would have stimulated sprat growth rates, maturation of juveniles, and egg production rates (Baumann et al. 2006; Reglero and Mosegaard 2006) . Hence, although May temperature and the NAO were not too much higher than average in 2003, exceptional processes occurring later in the year, e.g., intense heating, summer inflows of warm water (Luterbacher et al. 2004; Mohrholz et al. 2006) , may have promoted recruitment.
The exceptional heating of 2003 after an average winter demonstrates the potential consequences of environmental forecasting and its incorporation into fishery predictions. In this particular case, a larger than predicted year class was produced, probably because of the high temperatures in 2002 and later in 2003. In other years, an opposite event could happen, i.e., temperatures fail to rise after an average or mild winter, leading to unusually low recruitment. As a result, the criteria for deciding whether and when to include environmental information, when to stop using it, and how much weighting it should be given when making advisory decisions need consideration. Should a system be rejected because of one ''bad'' prediction among a specified number of years (e.g., 5 or 10)? What constitutes a bad prediction (e.g., an observation in the opposite direction of the prediction, an observation exceeding some predetermined margin of error even in the same direction of the prediction)?
These issues have received relatively little evaluation, at least within the ICES community with which we are most familiar. However, as the ecosystem approach to fisheries management develops and expands and as climate change progresses, these topics will require more attention in the future. One way forward would be to conduct a retrospective analysis of the performance of the environmental variables and compare this performance with a similar analysis using the standard method for making predictions. In the case of sprat in the Baltic Sea, the environmental predictions outperformed the existing methodology (MacKenzie and Köster 2004) .
Implementing the environmental information could also proceed stepwise. For example, if it is not desirable to abandon the existing methodology, a combined approach based on a variance-weighted average of the different predictions made by different methodologies (e.g., geometric mean, regression models, artificial neural networks) could be developed. The performance of the standard, combined, and environment-only predictions could be monitored in the future until there is confidence that the environmentally based predictions are performing satisfactorily. As measuring platforms, oceanographic modelling capacities, and knowledge of recruitment processes improve, it is likely that recruitment predictions will also improve.
Short-term predictions for fisheries management
We have demonstrated how knowledge of recruitment processes, environmental information, and its uncertainty can be incorporated into the routine fishery advisory procedure for sprat in the Baltic Sea. In this specific case, there are peculiarities of the assessment calendar necessitating our search for and use of links between climatic and oceanographic variables to move the prediction horizon forward to meet the timing of the assessment meeting. This inevitably leads to a reduction in predictive ability because each additional link introduces additional unexplained variability. Nevertheless, the performance of these predictions is superior to that of the existing methodology (MacKenzie and Köster 2004) . overestimate of SSB may not be critical because the biomass is well above the critical biomass limit (B PA ) below which fishing mortality must be reduced. As a result, at the present time, a 15% difference in perception of the biomass is not as critical as if the biomass were at or below B PA . In the present situation, therefore, the advice is not affected by the choice of the recruitment prediction methodology. However, if the spawner biomass were at or below B PA , the fishery advice could depend on how the recruitment was estimated. In such a situation, the quality of predictions becomes more important and is a prerequisite if advice and management decisions are based on the best available evidence and knowledge. The difference of 15% in spawner biomass estimates for 2008 is due to a single age group in a single year (i.e., the 2006 year class). Obviously, if a forecast of the subsequent year's recruitment (2007 year class) was possible, then forecasts of biomass and landings farther into the future could be made. However, the key environmental variables (e.g., May temperature, NAO) cannot presently be predicted with high confidence that far ahead (MacKenzie et al. 1996; Ulltang 2003) . Moreover, time series approaches, which rely on autocorrelation in the recruitment data and which have been applied for recruitment forecasting in other populations (Ottersen and Sundby 1995; Needle et al. 2003; Planque et al. 2003) , cannot be applied to sprat in the Baltic Sea because the autocorrelation in sprat recruitment is very low: autocorrelations at lags 1 and 2 were 0.27 and 0.3, respectively, and were lower at longer lags; none was significant (P > 0.05).
We note that surface temperatures and wind conditions later in the year (e.g., July-August) explain more recruitment variation than May temperatures (Baumann et al. 2006) . However, predictions of surface temperatures and probably also wind conditions this late in the year from winter indices are presently more uncertain (MacKenzie et al. 1996; MacKenzie and Köster 2004; Hinrichsen et al. 2007 ). As a result, it is not yet possible to incorporate this information into the short-term prediction routine of ICES. This could be possible, however, if the timing of the assessment was shifted to later in the year or if processes affecting recruitment later in the year could be linked by modelling or statistical analysis to events earlier than when the Assessment Working Group meets.
ICES uses environmental information in short-term predictions of some other Baltic fish stocks (e.g., Gulf of Riga herring, Clupea harengus, recruitment is predicted using zooplankton abundance and sea temperature; Kornilovs 1995; ICES 2006) . ICES has also included exploratory analyses of how temperature affects short-term predictions of Baltic sprat recruitment but has not yet adopted the environmentally based predictions in its advice (ICES 2006) , which may be due to a reluctance to change from status quo methodology, particularly when the change would not influence advice to the fisheries. In recent years, there have been some other exploratory attempts to include environmental information in short-term recruitment predictions for other fish stocks. These include, for example, North Sea cod (Gadus morhua; Planque et al. 2003) , Bay of Biscay anchovy (Engraulis encrasicolus; ICES 2006; Allain et al. 2007) , and Northeast Arctic cod (G. morhua; Huse and Ottersen 2003; Svendsen 2006) . However, none of these is operationally used in ICES assessments and work is still continuing to improve the recruitment prediction models and their implementation in assessment.
